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Abstract. A global model of the oceanic nitrous oxide distribution is developed to
evaluate current understanding of the processes governing nitrous oxide formation
and distribution in the open ocean. N3O is treated as a nonconserved tracer in a
global ocean general circulation model subject to biological sources in the oceanic
interior and gas exchange at the ocean surface. A simple scalar parameterization
linking NoO production to oxygen consumption (and based on observed correlations
between excess N,O and apparent oxygen utilization) is successful in reproducing
the large-scale features of the observed distribution, namely, high surface super-
saturations in regions of upwelling and biological productivity, and values close
to equilibrium in the oligotrophic subtropical gyres. The majority of the oceanic
N,O source is produced in the upper water column (over 75% above 600 m) and
effluxes directly to the atmosphere in the latitude band of formation. The observed
structure at depth is not as well reproduced by this model, which displays excessive
N5O production in the deep ocean. An alternative source parameterization, which
accounts for processes which result in a depth variation in the relationship between
N2O production and oxygen consumption, yields an improved representation of the
deep distribution. The surface distribution and sea-air flux are, however, determined

primarily by the upper ocean source and, therefore, are relatively insensitive to
changes in the nature of deep oceanic N,O production.

1. Introduction

The current drive to identify the processes involved in
the global nitrous oxide (N2O) cycle and to constrain
the atmospheric NoO budget owes its impetus to the
climatic implication of specific properties of the gas that
have been uncovered in recent years. N,O was first
identified as an agent in stratospheric ozone depletion in
1970 [Crutzen et al., 1970], and, following investigation
of its radiative properties, is now also classified as an
important greenhouse gas [Ramanathan et al., 1985].
These characteristics, in combination with observations
of its increasing concentration in the atmosphere [Prinn
et al., 1990] and long atmospheric lifetime (120 + 30
years) [Mahlman et al., 1986, Prinn et al., 1990, Ko
et al., 1991] have highlighted its potentially significant
climatic influence.

Copyright 2000 by the American Geophysical Union.

Paper number 1999GB900032.
0886-6236/00/1999GB900032$12.00

429

The majority of the source to the atmosphere is de-
rived from bacterially mediated reactions in soils and
water. These sources display a high degree of temporal
and spatial variability; although they have been subject
to recent intensive study, they are still not well quanti-
fied, and the governing cycling mechanisms are subject
to some uncertainty. This study focuses on the pro-
cesses responsible for marine NoO formation and dis-
tribution in the open ocean and the resulting oceanic
flux to the atmosphere. According to the most recent
Intergovernmental Panel on Climate Change (IPCC) es-
timates, the oceanic flux constitutes a significant source
of N5O to the atmosphere, providing 1-5 Tg N out of a
total annual source estimate of 10-17 Tg N [Houghton
et al., 1995]. However, the oceanic N,O distribution
displays a high degree of spatial and temporal variabil-
ity which makes constraint of the global oceanic flux
difficult. Furthermore, controversy still surrounds the
issue of the dominant formation pathway; water column
nitrification, during the subsurface oxidation of organic
matter, has been widely accepted as the main source for
the majority of the oceanic NoO. This assumption has,
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however, received challenges based on isotopic measure-
ments and evidence that the N5O cycle displays com-
plex behavior in some oceanic environments.

We employ a combination of three-dimensional(3-D)
numerical modeling and analysis of surface and deep
N,O data in this study to evaluate our current under-
standing of these processes and to quantify the net open
oceanic source. The approach taken has been to develop
simple parameterizations for NyO formation based on
recent interpretations of observational constraints, em-
bed these in a model of realistic circulation, and evalu-
ate the resulting global N,O distribution against avail-
able observational data. In the next section we review
the current state of knowledge on processes governing
the marine nitrous oxide cycle and present the obser-
vational basis for our N3O model parameterizations.
Section 3 outlines the model components and config-
uration, and sections 4-6 discuss simulation results for
the global N2O distribution and net oceanic source.

NH,*
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2. Marine N,0 Cycle
2.1. Main Cycling Processes

The main biological pathways for marine N,O cy-
cling are via nitrification and denitrification processes,
as summarized in Figure 1. N;O is produced as an
intermediate product in the process of biological deni-
trification which involves the bacterially mediated mul-
tistep reduction of nitrate to nitrogen gas [Payne et al.,
1971). Not all strains of denitrifying bacteria are able
to carry this process out to completion and produce N».
Many lack the necessary enzymes to metabolize all of
the intermediates and thus only participate in a sub-
set of steps; for example, organisms lacking the enzyme
nitrous oxide reductase will cause the process to termi-
nate at N,O, thus yielding a source of the gas. Since
N3O can also be consumed by denitrification processes
(i.e., by being reduced to N3), as well as being produced
by them, denitrification can provide a net sink for NoO
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Figure 1.

Bacterial nitrogen transformations involved in the cycling of marine NoO. The

diagram is an adaptation of Figure 1 of Capone [1991].
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as well as acting as a source. These reaction steps are
also sensitive to local environmental conditions, most
notably oxygen level. Denitrification has traditionally
been viewed as a bacterial anaerobic respiration process;
studies show that in the presence of oxygen, nitrate re-
duction ceases, and oxygen is preferentially consumed
[Ingraham, 1981, Bryan, 1981].

Biological N2O production from nitrification is be-
lieved to occur during the oxidation of ammonium to
nitrite and nitrate. This process is mediated by a va-
riety of nitrifying bacteria active in soils and natural
water reservoirs [Bremner and Blackmer, 1981, Ritchie
and Nicholas, 1972]. It has been suggested that two
or more intermediates are produced during the oxida-
tion of NHI to NO3 , the first of which is hydroxy-
lamine (NH,OH) [Ritchie and Nicholas, 1972]. N,O
is believed to be evolved during the oxidation of hy-
droxylamine to nitrite by the decomposition of, as yet,
unidentified unstable intermediates; thus, in contrast to
the denitrification process, N2O is not a direct interme-
diary in the nitrification of ammonium to nitrate. As
a result, the above sequence for NoO production was
not recognized as a potentially significant influence on
the oceanic source until relatively recently [Yoshinari,
1976], although N2O evolution during ammonium nitri-
fication had been previously noted [ Yoshida and Alezan-
der, 1971, Ritchie and Nicholas, 1972]. In contrast to
denitrification, the bacteria responsible for the major-
ity of observed nitrification (e.g., Nitrobacter, Nitro-
somonas) require oxygen for their activity, and nitrifi-
cation is considered an aerobic process [Bremner and
Blackmer, 1981]. The activity of nitrifying bacteria has
also been demonstrated to display sensitivity to oxy-
gen level, particularly at low Oy concentrations [Goreau
et al., 1980, Carlucci and McNally, 1969]. Evolution of
N3O from nitrification is believed to constitute a very
small fraction of the marine nitrogen cycle; that is, the
magnitude of nitrogen involved in the oxidation path-
way NH} — NO; far outweighs that involved in the
conversion of NHJ to N,O. Butler et al. [1987], hav-
ing made a survey of oceanic measurements, report a
range of 0.1-0.4% for the fraction of oceanic ammonium
converted to N2O in comparison to that converted to
nitrite.

The process of assimilatory nitrate reduction, during
which nitrate is reduced and incorporated into intracel-
lular ammonium or aminonitrogen by organisms, is also
believed capable of releasing N2O as a by-product [Del-
wiche, 1981]. This reduction of nitrate to ammonium is
most likely to be carried out by phytoplankton in the
marine environment and has been suggested as an alter-
native source of NoO in the surface ocean. The studies
of Hahn [1981), Pierotti and Rasmussen, [1980] and
Oudot et al. [1990] invoke this mechanism to account for
very high surface N2O levels in upwelling zones. There

is, however, no direct support for such conclusions, and
Goreau et al. [1980] found no evidence of N,O release
from cultures of phytoplankton; furthermore, Cohen
and Gordon [1979] note that if such a source exists, it
is probably of relatively small magnitude.

2.2. Oceanic Observations and Evolution of
Views on N,O Cycling

The prevalent view on the dominant mechanisms in-
volved in the marine N,O cycle has changed as in-
formation has accumulated on the variety of possible
pathways involved in N,O production and consump-
tion. Early studies of surface oceanic N2O encountered
significant supersaturations in regions of the North At-
lantic [e.g.,Hahn, 1974], and raised the possibility that
the ocean provided a large biologically produced source
of N3O to the atmosphere. Since N2O was known to be
an intermediate product in the denitrification of nitrate
to gaseous nitrogen, and denitrification was already es-
tablished as an important source of N2O in soils, studies
in the 1970s proposed that this mechanism was respon-
sible for the majority of marine N3O formation [Junge
and Hahn, 1971, Hahn, 1974].

Later measurements of subsurface NoO, made in con-
junction with observations of other oceanic properties,
indicated negative correlations with the local oxygen
distribution [ Yoshinart, 1976, Cohen and Gordon, 1978].
Figure 2 depicts a range of reported observations of the
vertical profiles of subsurface N;O and oxygen. As can
be seen, the deep N,O distribution is a mirror image
of oxygen, increasing with depth from the surface to a
maximum in the vicinity of the oxygen minimum. Pos-
itive linear correlations between “excess NoO” (defined
as AN,O = [NZO]measured - [N2O]saturation) and appar-
ent oxygen utilization (AOU) were first reported by
Yoshinar: [1973] and subsequently observed by other
studies, including Cohen and Gordon [1979], Elkins
et al. [1978], Butler et al. [1989], and Oudot et al.
[1990]. These findings, among others, are summarized
in Table 1 and plotted in Figure 3. In addition, the sub-
surface NoO profiles were found to bear a close relation
to the local nitrate distributions [Cohen and Gordon,
1979, Butler et al., 1989, Yoshida et al., 1989, Oudot
et al., 1990]. These:characteristics of the NoO distribu-
tion have been interpreted as suggesting a mechanism
of N3O production (most likely during nitrification) ac-
companying oxygen consumption and nutrient regener-
ation during organic matter remineralization in deep
water [Yoshinari,1973; Cohen and Gordon,1978,1979;
Elkins et al.,1978].

As can be seen from Figure 3, the observed linear re-
lationships between AN2O and AOU in different marine
environments display a variety of slopes and intercepts.
Postulated reasons for these differences include mixing
of water masses, spatial variations in the abundances
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Observed depth profiles of deep NoO and oxygen at a range of sites. The N,O

distribution is seen to be a mirror image of the oxygen distribution and displays a marked
maximum in the region of the oxygen minimum. The data are taken from the following studies:
Butler et al. [1989] (B89), Cohen and Gordon [1979] (CGT79), Yoshinari [1976] (Y76), Yoshida et

al. [1989] (Yo89).

of nitrifying organisms, variations in availability and
composition of oxidizable organic matter, and influences
from other localized sources and sinks of N2O [Cohen
and Gordon, 1978, Elkins et al., 1978]. The observed
relationships between N,O and the oxygen distribution
(and between AN,O and AOU) are seen to break down
in anoxic environments. In these regions, the charac-
teristic NoO maximum at the depth of the oxygen min-
imum disappears; instead, NoO concentrations drop to
very low levels. It is believed that the dominant influ-
ence on N2 O, in such environments, is the consumption
of the gas by denitrifying bacteria that metabolize NoO
as a source of oxygen for respiration [Elkins et al., 1978,
Cohen and Gordon, 1978, Hashimoto et al., 1983].

In view of the above evidence, the prevalent view
established during the 1980s, and widely accepted to-
day, is that N2O is formed by nitrification processes in
oxygenated water and consumed by denitrification in
anoxic zones. However, this view is not universal and
some studies still uphold denitrification as the primary
pathway for NyO formation [e.g., Yoshida et al., 1989].
It is difficult to reconcile the high levels of NoO ob-
served in the well-oxygenated waters of the open ocean
with a formation mechanism of denitrification, which is
known to be inhibited by even very low O levels; it

has therefore been speculated by Yoshida et al.[1989],
among others, that water column N5O production from
denitrification may occur in anaerobic microsites (e.g.,
the interiors of organic particulate matter or inside zoo-
plankton guts). In addition, evidence has also accumu-
lated over the recent years on a variety of potential influ-
ences on the mechanisms of marine N5O formation; ev-
idence that considerably complicates the relatively sim-
ple scenario of the oceanic N2O cycle presented above.
These complexities and alternative hypotheses on N,O
formation are discussed in section 2.3.

2.3. Complexities and alternative hypotheses

The mechanisms of marine N3O production and con-
sumption are known to exhibit significant complexity
at low oxygen levels. As discussed previously, N;O
is often depleted in anoxic waters, a characteristic fre-
quently attributed to consumption by denitrifying bac-
teria. Furthermore, elevated levels of N5 O are observed
in suboxic waters and at the peripheries of anoxic zones
[Codispoti et al., 1989, Ward et al., 1989, Codispoti and
Christensen, 1985] suggesting enhanced N2O produc-
tion in these regions. Laboratory studies of nitrify-
ing and denitrifying bacteria also demonstrate complex
behavior and increased N2O yields under low oxygen
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Table 1. Observations of AN,O versus AOU Relationships in Different Marine Environments.

Study Location Depth Regression Equation Comments
AN, O =a AOU + b
(m) Slope a Intercept b
(nmol/pmol) (nmol)
Cohen and Gordon [1979] NW Atlantic  100-2500 0.089(%0.003) -0.437 Four stations reported by
Yoshinari [1973]
NE Pacific 0-800 0.076(10.003) -0.928 Data from
Cohen et al. [1977]
NE Pacific 1000-2500 0.218(40.026) -46.248

ETN Pacific  0-125 0.140(+0.0.004) 0.909 Only samples with

Oz > 17 pumol L!

Oudot et al. [1990] ET Atlantic 0-250 0.129(+0.003) 2.1
ET Atlantic 0-20/40-70 0.219(40.004) 2.2
0-20/150-250 0.160(=40.003) 1.96
0-20/50-250 0.162(40.003) 2.3
Hahn [1981] N Atlantic Above deep 0.102 0.072
N>0O maximum
Below deep 0.185 -0.135
N20O maximum
Law and Owens [1990] Arabian Sea 0.31 -49.4 AOU > 197 ymol L™}
0.033 5.5 AOU < 197 pmol L!
Nagui and Noronha [1991]  Arabian Sea  0-1000 0.17 (5) Intercepts not reported;

value listed is estimated
from Figure 5

Butler et al. [1989] W Pacific 0.125 + 0.00993T -13.5 Regression equation includes
dependance on temperature T
Elkins et al. [1978] Eq. Pacific 0.0916 + 0.014T  -4.86 Regression equation includes

dependance on temperature T

Abbreviations : NW (North West), NE (North East), ET (Eastern Tropical), ETN (Eastern Tropical North), Eq. (Equatorial).

conditions [Carlucci and McNally, 1969, Goreau et al.,
1980, Jorgensen et al., 1984]. The mechanisms respon-
sible for such behavior have not, as yet, been identified.
Studies have postulated processes of enhanced nitrifi-
cation [Codispoti et al.,1989,1992], as well as alterna-
tive mechanisms such as a complex coupling of nitri-
fication and denitrification reactions at very low oxy-

gen levels [Codispoti and Christensen, 1985, Law and
Owens, 1990]. Recent studies of marine nitrous ox-
ide have focused attention on the biologically produc-
tive regions associated with ocean basin eastern bound-
aries and characterized by regions of upwelling overly-
ing oxygen deficient environments. The extremely high
N3O levels observed in these regions, and the com-
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Reported relationships between deep AN,O and AQU. Studies depicted and cor-

responding oceanic regions are the following: Yoshinar:i [1973], northwest Atlantic; Butler et al.
[1989], west Pacific and east Indian; Cohen and Gordon [1979], northeast Pacific and eastern
tropical north Pacific; Law and Owens [1990], northwest Indian; Oudot et al. [1990], eastern
tropical Atlantic; Elkins et al. [1978], tropical central Pacific. The correlations for the temper-
ature dependent relationships of Elkins et al. [1978] and Butler et al. [1989] are plotted for a

temperature of 10°C.

plex nature of the N2O cycling processes associated
with these suboxic zones, have given rise to specula-
tion that such regions may contribute a significant frac-
tion of the ocean-atmosphere N, O flux [Codispoti et al.,
1992, Law and Owens, 1990, Codispoti and Christensen,
1985], and also may be responsible for some proportion
of the larger-scale NoO distribution in the oceanic inte-
rior [Codispoti et al., 1992, Codispoti and Christensen,
1985]. (The issues raised by these studies are further ex-
plored by Suntharalingam [1997] and Suntharalingam
et al. [2000].

Wahlen and Yoshinari [1985] noted that analysis of
the isotopic signatures of NyO from a variety of envi-
ronments offered a promising means of identifying the
primary formation pathways. Since the fractionation
effects associated with nitrification and denitrification
have different signatures, evaluation of observed iso-
topic ratios in marine N3O should enable a disentan-
gling of the respective effects. Rather than clarifying
the various N2O cycling processes, however, the iso-
topic measurements have led to controversy, as they
have been subject to a variety of interpretations, fre-
quently contradictory.  Yoshida et al. [1989] have in-
voked the deep '®N enrichment observations to support
a dominant production mechanism of denitrification.

Kim and Craig [1990] use the same data to suggest that
the majority of oceanic N,O is formed by nitrification;
Nagui [1991] and Nagui et al. [1998] interpret the §1°N
oceanic signatures as demonstrating NoO production
through a coupling of nitrification and denitrification
with NO as an intermediary. At this stage, the issues
still remain somewhat unresolved, and further work is
obviously necessary.

The studies of FElkins et al. [1978] and Butler et al.
[1989] noted that deep AN,O/AOU ratios displayed a
linear positive correlation with temperature and specu-
lated that N,O production is influenced by local tem-
perature. This suggestion of a temperature dependence
in the N2O formation process is lent support by the
laboratory work of Yoshida and Alezander [1970] who
demonstrated a temperature sensitivity in activities of
nitrifying bacteria. The deepwater data of Butler et al.
[1989] also indicate a negative correlation between local
pressure and N,O concentration at depths below 1500
m; the authors attribute this observed effect to prefer-
ential production of ionic nitrate, rather than gaseous
N2O, from ammonium oxidation at high pressures. It
does not seem likely, however, that this reaction will
have a significant impact on oceanic N,O cycling, as
the majority of organic matter remineralization occurs
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well above 1000 m [Nagjjar et al., 1992, Anderson and
Sarmiento, 1995].

The previously discussed mechanisms of marine NoO
cycling are predominantly concerned with water column
processes, and the majority of the measurements dis-
cussed were made in the open ocean. A laboratory
study by Jorgensen et al. [1984], on N,O formation
in marine sediments, indicates enhanced levels of N3O
production from both nitrification and denitrification
processes as the local oxygen concentration drops to
suboxic levels. The authors suggest that this effect may
be important in coastal sediments but do not indicate
whether the NoO thus formed undergoes further denitri-
fication to Ny, or speculate on the relative magnitudes
of sedimentary N,O yield in comparison to global wa-
ter column NoO production. Studies in estuarine and
coastal regions have measured N,O fluxes from shal-
low sediments [Jensen et al., 1984, Seitzinger et al.,
1984], and these fluxes have been attributed to both
nitrifying and denitrifying activity [Capone, 1991]. The
magnitude of net NyO fluxes from sediments has not
traditionally been considered significant, and thus usu-
ally neglected in an accounting of oceanic NyO produc-
tion. A recent study by Capone [1991] suggests, how-
ever, that fluxes from the sediments (predominantly in
coastal areas) could account for over 40% of the net
oceanic production. ‘

As has been outlined above, current understanding
of the processes governing the production and distri-
bution of marine N2O is far from complete. In this
study we have focused not on the specific complexities
detailed above but on the widely accepted current in-
terpretation of the AN,O and AOU data as suggesting
a dominant pathway for NoO formation during organic
matter oxidation in the aphotic zone. Details of the
model components and configuration are presented in
section 3.

3. Model Description

The modeling analysis simulates NoO as a noncon-
served tracer in an ocean general circulation model
(OGCM); N4O is subject to physical transport via the
ocean dynamics, biological source and sink mechanisms,
and gas exchange at the ocean surface. The basis for
the model of the oceanic NoO source is provided by the
observed correlations between AN5O and AOU and the
associated interpretation of N3O production accompa-
nying oxygen consumption during the remineralization
of organic matter below the euphotic zone. In addition
to a 3-D circulation model therefore, we also employ a
model of NoO formation linked to an organic matter
cycling model, as well as a representation of gas ex-
change to provide the necessary boundary condition at
the ocean surface.
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A simple schematic diagram of the N2O model and its
relationship to each of the other modeling components
is presented in Figure 4. Briefly, organic matter formed
in the euphotic zone by photosynthesis is transported
into the deeper aphotic zone, where, under biological ac-
tion, it is remineralized into its inorganic constituents.
N,O is evolved as a by-product during this process; the
production of N5O is keyed to the amount of oxygen
consumption taking place during remineralization. The
choice of relationship governing N»>O production to oxy-
gen consumption is further discussed in section 3.3. The
resulting N, O is transported within the deep ocean and
into the surface euphotic zone by the oceanic circula-
tion. Once at the surface, it is free to exchange with
the atmosphere across the air-sea interface. Sections
3.1- 3.4 describe each of the model components in more
detail.

3.1. Ocean Circulation Model

The circulation model used for all the simulations
in this study is the Modular Ocean Model (MOM)
[Pacanowski et al., 1993] developed at the Geophysi-
cal Fluid Dynamics Laboratory (GFDL). It is based on
the primitive equation numerical model of Bryan and
Coz [1967]. The configuration employed in this analysis
is a modified version of the prognostic model (Model P)
of Toggweiler et al.[1989a,b]. It has been described ex-
tensively in these latter studies, therefore we limit the
discussion here to a brief summary.

The model is a nonseasonal global ocean GCM of hor-
izontal resolution 4.5° latitude by 3.75° longitude, has
12 levels in the vertical and has a maximum depth of
5000 m. Mixing by subgrid scale processes is parame-
terized by horizontal and vertical diffusion coefficients
Ayy and Agy. For this configuration of the model Ayg
ranges from 1.0 x 107 cm? s~! at the surface to 0.5 x
107 cm? s~1 at depth. The vertical diffusion coefficient,
Apv, increases from 0.3 cm? s~! in the surface ocean
to 1.3 cm? s7! at depth.

The model is forced at the surface by the annual mean
wind stresses of Hellerman and Rosenstein [1983], and
surface forcing heat and freshwater fluxes are calculated
by restoring model potential temperature and salinity
to the annual climatological averages of Levitus et al.
[1982]. Modifications to the prognostic model of Togg-
weiler et al. [1989a] incorporated in the current version
are described by Toggweiler and Samuels [1993] and
include the closing of the Indonesian Straits and the

lengthening of the surface salinity restoring timescale
to 120 days.

3.2. Ocean Biogeochemistry Model

The Ocean Biogeochemistry Model (OBM) simulates
oceanic new production and remineralization and con-
sists of tracers for the nutrient and oxygen cycles em-
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Figure 4. Schematic representation of the relationship of the N2O source model to the other
model components, i.e., ocean circulation model, Ocean Biogeochemistry Model, and gas ex-

change).

bedded in the OGCM [Sarmiento et al., 1995, Murnane
et al., 1999]. The organic matter cycle is based on phos-
phate and draws on the work of Nagjar [1990], Nay-
Jar et al. [1992] and Anderson and Sarmiento [1995].
The modeled tracers relevant to this study include dis-
solved organic phosphorus (DOP), phosphate, and oxy-
gen. These tracers are transported by the advection,
diffusion, and convection fields of the OGCM. There is,
in addition, a pool of particulate organic phosphorus
(POP) which is transported only by vertical sinking.
New production of organic matter occurs in the eu-
photic zone (the first two levels of the model, of max-
imum depth 119 m), by restoring phosphate levels to
observations from Najjar et al. [1992] on a 100 day
timescale. This production is partitioned into dissolved
and particulate organic matter; the partition fraction
is taken to be 0.5, as recommended by Anderson and
Sarmiento [1995]. The POP is immediately transferred
out of the euphotic zone and remineralizes directly be-
low its location of formation. The flux of POP at a
depth z is parameterized using the sediment trap ob-
servations of Martin et al. [1987]; the remineralization
profile is given by the rate of change of this flux with
depth. DOP is transported by the OGCM circulation,
and remineralizes at a rate proportional to its local con-
centration. This net export of organic matter from the

euphotic zone which remineralizes in the aphotic zone
is responsible for driving oxygen consumption and the
modeled N3O source.

3.3. N20 Model

The tracer equation for the local concentration of
NQO is

d o 9
SN0l = &[Nzo] + V- Vy[N,0] + wa—z[NZO]
. o
= AgaV?[N2O] + = (Agv =—[N20]) + In,0 (1)

0z 0z

JN,0 represents the source minus sink terms for N»O.
On the basis of the observed correlations between AN,O
and AOU, N,O simulations considered in this study
model a nitrous oxide source as a function of local oxy-
gen consumption (accompanying organic matter rem-
ineralization) in the aphotic zone, thus,

In,0 = f[OZ consumption] (2)

We discuss the Base Case formulation for Jn,0 here.
The standard simulation, or Base Case, assumes a sim-
ple linear proportionality between the two quantities
(based on the linear relationships seen between AN2O
and AOU in the observational studies). Thus
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(3)

where z. represents the depth of the euphotic zone, and
z 1s taken as positive upward. The molar ratio selected
for a for the Base Case simulation is
molN,O
mol 02

Jn,0 = a x [O3 consumption] z < 7

a=01x10"3 (4)

This value represents a “low average” of the reported
ratios; its relationship to the observations is depicted
in Figure 5. Elkins et al. [1978], in a study of N,O
in the Central Pacific, noted that the magnitude of the
AN;0O/AOU correlations was about twice as large for
measurements made in “active” regions of upwelling
and biological productivity, in contrast to measure-
ments outside these regions. The Base Case value for
« is therefore motivated by the fact that several of the
measurement sites included in Table 1 are located in
regions of higher productivity; thus a simple average
may be biased toward higher AN;O/AOU ratios and
therefore not representative of a global average. Since
this selection of « is somewhat arbitrary, we have also
conducted a set of sensitivity tests to reflect the range
of the observed values for the AN;O/AQU correlations;
Le., for a varying from 0.07 x 1072 [Cohen and Gor-
don, 1979] to 0.22 x 1073 [Oudot et al., 1990]. These
scenarios will be discussed briefly in this study and are
presented in more detail by Suntharalingam [1997).
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Nitrate regeneration from ammonium oxidation, has
been considered unimportant in the euphotic zone, as
nitrifying bacteria are believed to be inhibited by light
[Horrigan et al., 1981]. N3O production from nitrifi-
cation processes in the euphotic zone is also therefore
assumed to be insignificant. Additional sources of NoO
resulting from processes such as assimilatory nitrate re-
duction in the euphotic zone are believed to be relatively
small [Cohen and Gordon, 1978]. Furthermore, observa-
tions made by Cline et al. [1987] in the euphotic zone of
the eastern equatorial Pacific suggest that NoO can be
considered quasi-conservative at these depths. There-
fore, in all the simulations considered in this study, NoO
production is only assumed to occur in the aphotic zone.
Thus, in the euphotic zone,

()

N,O is exchanged with the atmosphere across the air-
sea 1nterface using a parameterized gas exchange pro-
cess as discussed in section 3.4.

Ino=0 22>z

3.4. Gas Exchange

The flux of NoO across the air-sea interface is calcu-
lated as a product of the gas-transfer velocity &, and
the concentration difference across the interface, thus

Frn,0 = (1 = fi)kw([N2Olatm — [N2Olocean)  (6)

where f; represents the fraction of the local ocean sur-

4 7
[ YOSHINARI 73 / / S/
gl NW Atlantic / // 7/
/ g /
—— BUTLERETAL. 89 / Vi s/
W Pacific, E Indian / &'/
g 7/
v COHEN & GORDON 79 / 4 / 4
N ~=- NE Pacific - / /'
——  ETN Pacific / /"/ /
-~ LAW&OWENS 90/ /'/ / B
&) NW Indian / 4 4 .-
S o '/ 4’ //4 e
S & | —- OUDOTETAL.9% Z /4 -
S Ay .
g ET Atlantic / y: /4 / e ;
e —— ELKINSETAL.78 / 7 L !
g TC Pacific / e /
5 v R '/
— -~ ’
@) - /
Q o0 S
Z ’/” // /
] L s
8 S .~ // 7/
>< — /’ Il /
m e
r /
////
/7
/'//
A S
"/
,//
VA
7/
S /7
/'y
T T T
100 150 200 250 300
AOU (micromole/L)

Figure 5.

N,O source parameterization chosen for Base Case Model in comparison to the

observed AN,O versus AOU correlations. The molar ratio governing NoO production to oxygen

consumption is @ = 0.1 x 1073,
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face under icecover. k,, the gas-transfer velocity, is
influenced in a complex manner by interfacial turbu-
lence, the kinematic viscosity of the water p, and the
diffusion coefficient of the gas D. It is often parame-
terized as a function of wind speed U, and the Schmidt
number Se¢, which represents the dependence of k., on
the latter two terms (i.e., S¢ = p/D). The gas-transfer
velocity employed for the simulations in this study is
the formulation of Wanninkhof [1992],

ky (U, Sc) = 0,39[]2(%)—0.5 (7)

Wanninkhof's [1992] formulation for long-term, as op-
posed to steady, winds is used, in keeping with the cli-
matologically averaged wind speed data set used for
the simulations [Esbensen and Kushnir, 1981]. Since
we alm to examine the steady state oceanic N»,O distri-
bution and not transients due to atmospheric N5O in-
crease, the atmospheric partial pressure of N5O is fixed
at the preindustrial level of 285 natm; we employ sol-
ubility parameterizations from Weiss and Price [1980]
for conversion to the oceanic saturation concentration
[NQO]atm~

Parameterization of the gas-exchange coefficient for
application on large regional and global scales is still
subject to a considerable degree of uncertainty. Esti-
mates derived from methods calibrated by oceanic up-
take of radiocarbon [e.g., Wanninkhof, 1992] differ by a
factor of 2 from those based only on tracer release ex-
periments in lakes and wind-wave tanks [e.g.,Liss and
Merlivat, 1986]. While the net global sea-air N»O flux
in the simulations of this study is determined directly
by the model biological parameterizations, variation in
the representation of gas exchange does have a small ef-
fect on modeled concentrations near the ocean surface
in upwelling zones and in regions of rapid vertical mix-
ing. This effect has been explored by Suntharalingam
and Sarmiento [1995] and Suntharalingam [1997) by
contrasting the effects of the Wanninkhof [1992] param-
eterization against that of Liss and Merlivat [1986].
Use of the Wanninkhof [1992] formulation for gasex-
change was found to yield surface concentrations that

better matched the magnitude of observational data for
N,O.

4. Base Case Simulations

This section focuses on evaluation of the simple Base
Case parameterization for the N3O source as described
in section 3.3. Modeled surface fluxes and the oceanic
interior NoO distribution are compared with observa-
tional results derived from the surface oceanic N,O data
of Weiss et al. [1992] and the deepwater data of Butler
et al. [1988].
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4.1. Surface Distributions and Fluxes

Observational evidence suggests that high NoO sur-
face supersaturations are observed in biologically pro-
ductive upwelling regions, with values closer to equi-
librium and small undersaturation in the oceanic gyres
[Butler et al., 1989, Weiss et al., 1992]. Plate 1 presents
a map of modeled surface ApN,O; for comparison we
also present in Plate 2 a map based on the observa-
tions of Weiss et al. [1992]. (The derivation of the ob-
servational distribution from the data of Weiss et al.
[1992] is based on multivariate regression relationships
between surface N,O and local biological and physi-
cal variables; the methodology is discussed in detail
by Suntharalingam [1997].) Comparison of the mod-
eled and observational surface distributions for ApN,O
indicates that the model is successful in reproducing
the characteristic features of the large-scale distribu-
tion. High values, in excess of 60 natm, are seen in the
equatorial and coastal upwelling regions, and undersat-
uration and values close to equilibrium are obtained in
the subtropical gyres. Also obvious in Plate 1, however,
are certain localized high N5O features in the southern
high latitudes (at approximately 40°-50°S). These are
not present in the observational map and are most likely
unrealistic; these features are caused by characteristics
of the circulation model and will be discussed later in
this section.

Figure 6 depicts the zonally integrated flux from the
Base Case model and compares the sea-air flux derived
from different latitudinal bands with the data based es-
timates from Nevison et al. [1995] (N95) and Sunthar-
alingam [1997] (S97). (Both these observational esti-
mates rely primarily on the Weiss et al. [1992] database
for measurements of ApN2O. Methods of interpolation,
however, differ between the two studies and are dis-
cussed by Suntharalingam [1997].) As can be seen, the
observations suggest an approximately trimodal zonal
flux distribution with maxima in the tropics and in the
high northern and southern latitudes (centered at 50°N
and 50°S). The modeled distribution matches this tri-
modal pattern, with significant maxima in the southern
high latitudes and equatorial regions and a somewhat
less pronounced maximum in the northern high lati-
tudes. The minima of the meridional flux distribution
are centered in the subtropical gyres at 30°S and 30°N.
Despite the similarity in structure between the mod-
eled and observed flux distributions, the model results
predict the highest fluxes in the 90°-30°S band, in com-
parison to the observational predictions of maximum
fluxes in the 30°S-30°N band. In addition, other local
differences are evident between modeled and observed
flux distributions. Many of these discrepancies, as well
as disparities between the modeled and observed surface
ApN,O distributions, can be traced to characteristics of
the circulation model and are discussed in turn below.
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Plate 1. ApN,O (natm) surface field obtained for the Base Case simulation.

Delta(pN20) mapped from observations of Weiss et al. 1992
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Plate 2. ApN,O (natm) surface field derived from the Weiss et al. [1992] database. The
data were binned to a 1° x 1° resolution and extrapolated according to the method discussed in
Suntharalingam [1997].
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Figure 6.  Zonally integrated flux from the Base Case model and comparison with obser-
vation based estimates of Nevison et al. [1995] (N95) and Suntharalingam [1997] (S97). The
observational estimates both rely primarily on the Weiss et al. [1992] database for ApN-O.
4.1.1. Southern Ocean. Particularly apparent new production values are far too high). The result-

in Plate 1 are localized features of high surface NoO
in the southern high latitudes that have no counter-
parts in the observation-based map. The observational
database of Weiss et al. [1992] is sparse in these re-

gions; however, since the OGCM is acknowledged to

produce certain anomalous convective features in these
latitudes [Toggweiler et al., 1989al, it is likely that these
features are modeling artifacts. Figure 7 depicts the lo-
cations of highest convective frequency in the upper 400
m of the OGCM. A comparison of Figure 7 with Plate
1 indicates a close correlation between the locations of
high ApN»O levels in the Southern Ocean and the zones
of intense convection at these latitudes. The locations
and intensities of these convective zones are most likely
unrealistic; however, they do have significant implica-
tions for the modeled N5O distribution and sea-air flux.
First, they act as a conduit for mixing up deeper water
with high N, O concentrations to the surface. Second, as
was noted by Najjar [1990], these regions display very
high localized new production levels due to the follow-
ing mechanism; organic particulate matter remineral-
izes into nutrients at depth, and these nutrients are then
mixed back up to the surface in these regions with the
very short timescales characterizing intense convection
(e.g., zonally averaged new production levels at some
latitudes in the Southern Ocean exceed 7 mol C m~2
yr~! which, in contrast to the primary production val-
ues of 5-8 mol C m~? yr~! suggested for these regions
by Berger [1989], indicates that local levels of modeled

ing high remineralization rates and concomittant oxy-
gen consumption directly affect NoO production; thus
these regions also act as high N,O source locations.

As noted previously, there is a disparity between
model and observational estimates of the latitudinal
zones of maximum N5O efflux. The Base Case sce-
nario predicts the highest proportion of the sea-air flux
(45%) in the southern high latitudes (90°-30°S), while
the observations predict highest fluxes from the tropi-
cal latitudes (30°S-30°N). An important cause of this
disparity in the Southern Ocean is most likely due to
localized model overestimates of new production and
remineralization resulting in high N2O production, as
well as intensification of NoO vertical transport in the
anomalous convective zones.

4.1.2. Tropical and North Pacific. Figure 6
indicates that the zonally integrated observational flux
pattern displays two peaks in the tropical regions, one
linked to the zone of equatorial upwelling and another at
approximately 5°N. As seen in Plate 2 of the observation-
based ApN,O field, the source of this second peak is
primarily the high supersaturation in the north east
tropical Pacific (NETP). Observational evidence indi-
cates that the anoxic and suboxic regions in the east-
ern Pacific, namely, the NETP off the coast of Central
America, and the upwelling region off Peru, are sites of
high N»O production and turnover; surface supersat-
urations in excess of 70% have been measured [Weiss
et al., 1992] indicating potentially important sites of
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N0 efflux [Codispoti and Christensen, 1985, Codispoti
et al., 1989]. The high N,O levels in these regions are
associated with the local coastal upwelling and high
productivity; furthermore, studies have suggested that
complex N5O cycling mechanisms at low oxygen levels
could result in enhanced N3O production in the sub-
oxic regions characteristic of the eastern tropical Pa-
cific [Codispoti et al., 1992, Codispoti and Christensen,
1985]. The simple source parameterization of the Base
Case (linked solely to productivity) does not allow for
sensitivity to factors such as local oxygen level. In the
tropical Pacific therefore the Base Case model produces
the highest levels of surface N5oO at the equator in the
center of the basin in conjunction with the location of
highest upwelling [Toggweiler et al., 1989a]. Thus the
two distinct high N2O regions observed off the coast
in the Eastern Tropical Pacific are not well delineated.
Modeled tropical fluxes are influenced by this high equa-
torial NoO zone which results in the dominance of the
equatorial flux maximum seen in Figure 6 rather than
in the two distinct maxima seen in the observed distri-
butions.

Comparison of modeled surface ApN,O in the North
Pacific (Plate 1) with the observationally derived dis-
tribution (Plate 2) indicates that the model values are
close to equilibrium with the atmosphere and do not
reproduce the higher supersaturations seen in the ob-

servational distribution. Our analysis of the observa-
tional data by Suntharalingam [1997] indicates that
the elevated ApN,O values in the North Pacific are
linked to enhanced local productivity. The disparity be-
tween model and observational flux estimates in these
latitudes could, therefore, be a consequence of model
underestimates of local productivity and remineraliza-
tion and hence of NoO formation in these latitudes.
The study of Anderson and Sarmiento [1995] which
also employed this ocean biogeochemistry model noted
that new production and oxygen consumption are un-
derestimated in the northern high latitudes (specifically
at 50°N); possible causes cited include insufficient up-
welling of nutrient, or overestimates of observed surface
phosphate levels (which form the basis for the model’s
estimate of new production).

Our evaluation of the modeled surface N5O field in-
dicates indicates that the simple Base Case parameter-
ization linking NoO production to oxygen consumption
is successful in reproducing the large scale features of
the observed distribution; namely, high surface super-
saturations in regions of upwelling and intense biologi-
cal productivity, and saturation values close to equilib-
rium in the oligotrophic subtropical gyres. As itemized
above, anomalous features of the surface N5O distribu-
tion can be traced to characteristics of the circulation
or ocean biogeochemistry model; for example, the lo-
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180
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Regions of high convective frequency in the upper ocean of the circulation model

(depth range of 0-370.8 m). The contour index indicates the fraction of the time the enclosed water
column is undergoing convective adjustment; thus a value of 1 indicates continuous convective

adjustment. The contour interval is 0.2.
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Figure 8. Globally averaged Base Case model depth profiles for NoO and oxygen.

calized high N,O regions in the southern high latitudes
that result from the zones of intense deep convection in
these regions. However, as will be discussed in section
4.2, this simple parameterization for NoO production is
not as successful in the deep ocean.

4.2. Distributions at Depth

Figure 8 depicts the globally averaged depth profiles
for modeled nitrous oxide and oxygen; it can be seen
that the modeled N2O distribution displays an inverse
relationship to the modeled O4 distribution, increasing
from levels of 6-10 nmol L=! at the surface to a maxi-
mum of over 30 nmol L~! at intermediate depths. Re-
call that the parameterization governing N,O produc-
tion in this Base Case simulation (i.e., « = 0.1 [nmol
N3O production]/[umol oxygen consumption]) was de-
rived from the observed AN>,O/AOU correlations that
displayed a range of values. Simulations were also con-
ducted to examine the sensitivity of the modeled dis-
tributions and sea-air flux to a by varying its value
to reflect the observed range in AN,O/AQU correla-
tions (i.e., from 0.07 (nmol AN,0)/(pmol AOU) [Cohen
and Gordon, 1979] to 0.22 (nmol AN;0)/(umol AOU)
[Oudot et al., 1990]); these results are discussed in de-
tail by Suntharalingam [1997]. The main effect of a
change in o is to scale the magnitude of the oceanic
N,O distribution and sea-air flux accordingly, with mi-
nor effects on the structure of the distribution (e.g., the
proportional spatial distribution at the surface and at

depth varies by less than 5%). This result is unsurpris-
ing, given the simplicity of the parameterized source
function for N3O. In view of the relative insensitivity
of the structure of the oceanic NoO distribution to the
magnitude of «, this effect will not be further discussed
here; in our evaluation of the success of the NoO model
we will focus only on the Base Case scenario.

As noted by Nagjar et al. [1992] and Anderson and
Sarmiento [1995], model simulations of dissolved gases
such as nitrous oxide and oxygen in the upper ocean
are sensitive to the warm thermocline characteristic of
coarse grid OGCMs.  Nagjar et al. [1992] notes that
the thermocline temperatures of the circulation model
are up to 4°C warmer than the observations of Levitus
et al. [1982]. A possible cause is that the thermocline is
ventilated by waters formed at too low a latitude [Tog-
gweiler et al.; 1989b]. A warmer than observed thermo-
cline lowers the concentrations of dissolved gases such
as nitrous oxide and oxygen whose solubility is a de-
creasing function of temperature. Thus a temperature
difference of 4°C causes the levels of N3O and oxygen
in the thermocline to be lower than the observations
by up to 2 nmol L™! and 26 pmol L™, respectively.
Anderson and Sarmiento [1995] note that in view of
this 'warm thermocline’ problem, it is more appropri-
ate to examine AOU rather than the oxygen distribu-
tion, when evaluating biology models. AOU (defined
as [Oz]saturation - [O2]measured) subtracts out the mea-
sured concentration from the local temperature depen-
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dent saturation concentration, and enables evaluation
of the predominantly biological contribution to oxygen
levels. Similarly, when evaluating the success of the
N2O model simulations, we examine AN2O (defined as
[N2O]measured‘ [NZO]saturation)-

Figure 9 depicts the Base Case AN;O and AQOU
model results for the Pacific Basin and comparison with
data from the SAGA II cruise reported by Butler et al.
[1988]. This data set consists of 56 stations predomi-
nantly in the west Pacific and Indian Oceans. In eval-
uating the performance of the NoO model at depth we
have only compared the SAGA II data and the model
results for the Pacific, since the portions of the Indian
and Southern Ocean traversed by the SAGA II cruise
include regions of known model anomalous circulation
(e.g., the convective zones discussed in section 4.1). The
modeled AN;O values increase from the surface to a
maximum of > 20 nmol L~! at intermediate depths of
about 1500 m and then decrease slightly to a level of
about 18 nmol L™! in the deep ocean. This structure
does not replicate very well the observed AN,O profile
of the Butler et al. [1988] data, which displays a pro-
nounced maximum of up to 25 nmol L™! at depths of
400-600 m, and a much steeper decline with depth drop-
ping to less than 10 nmol L~! in the deep ocean. Mod-
eled deep AN,O values are up to 10 nmol L~! higher
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than the observations below depths of 3000 m. In con-
trast, the modeled AOU profile replicates the structure
of the observed distributions, from Levitus et al. [1994]
and Butler et al. [1988] much better; the modeled pro-
file shows an increase with depth to a slight maximum
between 1000-2000 m and subsequent gradual decrease
with depth. It appears that while the depth structure
of modeled AOU replicates the observations quite well,
that of modeled AN,O fails to do so with the same
degree of success.

A comparison of the variation of modeled and ob-
served AN3O/AOU ratios with depth (Figure 10) indi-
cates that the cause of the misfit between model and ob-
servations arises from the simplicity of the N5O source
parameterization. Recall that the Base Case parame-
terization was based on observed linear correlations be-
tween AN,O and AOU; in modeling the oceanic NoO
source as a linear function of oxygen consumption, the
parameter « relating the two was assumed to be con-
stant everywhere in the global ocean. If, however, we
examine the AN,O/AOU ratios of the Butler et al.
[1988] data as a function of depth along with the model
results from the Base Case, as depicted in Figure 10, it
is seen that the observational AN,O/AQOU ratios are
not constant but display a systematic decrease with
depth, ranging from 0.12 x 1073 in the upper ocean
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Figure 9. Profiles of excess N3O (AN30) and AOU for the Base Case simulation and compari-
son with observations from Butler et al. [1988]. The comparison between model and observations
has been made for values in the Pacific since the SAGA II cruise traversed regions of known

model anomalous circulation in the Indian Ocean.
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Figure 10. Variation of AN;O/AQU ratio with depth for Base Case simulation and comparison

with data from Butler et al. [1988].

to less than 0.05 x 10~3 below 4000 m. This depth
decreasing feature of the observational data is not sur-
prising, given the observation by = Butler et al. [1989]
(discussing the same database) that the AN,O/AOU
results varied with temperature. In most of the ocean,
temperature can act as a proxy for some depth vary-
ing process. The parameterization of the Base Case, in
comparison, fails to capture this aspect of the data. We
therefore conclude that use of the SAGA II database as
a constraint to validate the NoO model suggests that the
Base Case source function does not account for some,
as yet unidentified, depth varying process in relating
AN5O and AQU; That is, a much lower ratio of NoO
production to oxygen consumption in the deep ocean
than in the upper ocean is required. This effect is in-
vestigated in section 5.

It is possible that some part of the mismatch between
observed and modeled distributions could be due to the
other model components responsible for the distribution
of oceanic N3O, namely, the circulation model and the
Ocean Biogeochemistry Model, and so we also evaluate
the the likelihood of these in turn. Modeled N5O con-
centration at depth is affected by the circulation pro-
cesses that govern abyssal ventilation (e.g., deep wa-
ter formation, deep currents, convection, and mixing).
A sluggish upper ocean circulation causing inadequate
ventilation of the deep ocean could lead to an excess of
N5O here. The circulation model used in this study is
Model P of Toggweiler et al. [1989a). In that study, the
authors use 1*C as a tracer to diagnose the model’s deep
ventilation processes. Comparison of the resulting deep
A profiles with data from the GEOSECS (Geochem-

ical Ocean Sections Program) survey indicates that the
OGCM reproduces the observations quite well. Fur-
thermore, as is seen from Figure 9, the modeled deep
AOU levels do not show a corresponding excess over the
observations, a feature that would necessarily accom-
pany a poor simulation of the surface to deep transport
(assuming the biological oxygen parameterizations were
also satisfactory). Thus, an incorrect modeling of deep
ocean ventilation is unlikely to be the cause of the deep
N, O misfit.

The remineralization parameterizations of the OBM
yield a modeled AOU profile that matches the obser-
vations well. Minor variations in magnitude, such as
the mismatch of up to 30 pmol L™! at intermediate
depths of 1000-1500 m, have been attributed to in-
sufficient remineralization of dissolved organic matter
in this model configuration [Anderson and Sarmiento,
1995], and these variations by themselves are insuffi-
cient to account for the mismatches between observed
and modeled N;O. Furthermore, previous studies em-
ploying this organic matter cycling model do not give
cause to believe that the remineralization parameteriza-
tion is unacceptable at depth [Anderson and Sarmiento,
1995, Sarmiento et al., 1995]. We conclude that neither
the circulation model or the OBM can provide the main
cause for the marked misfit between the observed and
modeled AN,O profiles at depth.

5. Influence of Depth Varying Processes
on the Marine N,O Source

We now examine an alternative formulation for the
marine N,O source, for which the relation between NoO
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production and oxygen consumption are based on the
observed AN,O/AQU ratios of Butler et al. [1988] and
incorporate variation with depth. The depth varying
process responsible could indeed be temperature, as
postulated by Elkins et al. [1978] and Butler et al.
[1989]. Bacterial processes often display sensitivity to
temperature; in a study of factors affecting cells of Ni-
trosomonas Europaea, Yoshida and Alezander [1970]
noted enhanced N2O production as temperature was
increased over a range of 15°-35°C. However, the ob-
served correlation between marine AN;O, AOU, and
temperature has not been universally observed; Oudot
et al. [1990] failed to find indications of it in regions out-
side biologically “active” zones in the eastern tropical
Atlantic, and Law and Owens [1990] indicate that inclu-
sion of temperature does not improve fits to AN5QO ver-
sus AOU relationships in the north Arabian Sea. Fur-
thermore, there exist processes other than temperature
sensitivity, that also vary with depth and may provide
alternative explanations of the observed AN,O/AQU
variations. One possibility is changes in N5O yield
due to varying abundances of nitrifying and denitrify-
ing bacteria in the water column. Hahn [1981] reports
the results of incubation experiments by Gundersen
et al. [1972] using seawater from various depths off the
Hawaiian islands in the North Pacific. Changes in ni-
trate levels in ammonium enriched water samples indi-
cate that nitrification increases with depth below 150 m,
displaying a broad maximum in activity between 500-
1000 m. These experiments were conducted at room
temperature; hence temperature did not play a role as
an influencing factor.

Another possible candidate responsible for the ob-
served AN2O/AQU depth variations is the dependence
of NyO yield from processes of nitrification and den-
itrification on local oxygen level. Laboratory studies
have demonstrated large sensitivities in N5O yield, es-
pecially at low oxygen concentration [Goreau et al.,
1980, Jorgensen et al., 1984]; In addition, elevated lev-
els of marine N,O have been observed in suboxic wa-
ters and at the peripheries of anoxic zones [Codispoti
et al., 1989, Ward et al., 1989]. Postulated mechanisms
include processes of enhanced nitrification [Codispoti
et al., 1989], net NoO production by denitrifiers at oxy-
gen levels below 2 pmol L= [Jorgensen et al., 1984],
or a nitrification-denitrification couple with NO as an
intermediate [Naqui, 1991]. The variation of oxygen
level with depth through the water column (in partic-
ular reaching anoxic and suboxic levels in such regions
as the eastern equatorial Pacific and the Arabian Sea)
may therefore provide an alternate explaination of the
observed AN2O/AOU ratios. The N3O source formu-
lation presented in this study accounts only for NoO
production under oxic conditions. The oxygen distribu-
tion in the OGCM does, however, produce zones of sub-

oxic conditions in such regions as the eastern equatorial
Pacific, where N3O production would probably be bet-
ter represented by the more complex cycling processes
outlined above. This issue is the focus of Sunthar-
alingam et al. [2000], in which we present an evaluation
of the OGCM simulation of these suboxic zones, and
investigate NoO formation in and transport from these
reglons.

Other factors that may account for local variations
in AN,O/AOU ratios include mixing of water masses
with different N,O formation characteristics (such as
abundances of nitrifiers or composition and availabil-
ity of organic matter) [Cohen and Gordon, 1979], and
ocurrence of local sources and sinks (e.g., assimilatory
nitrate reduction or denitrification for NoO and pho-
tosynthetic production for oxygen). In view of such
possibilities as listed above, of processes that may vary
with depth and not necessarily with temperature, we
choose to incorporate a depth dependence in develop-
ing a global-scale N3O source parameterization.

The Butler et al. [1988] measurements are primar-
ily in the western Pacific with some stations in the
East Indian Ocean. Data from the Atlantic and Indian
Oceans reporting AN,O/AQOU variations with depth,
or with other variables, are sparse. On the basis of
measurements in biologically productive regions of the
north eastern tropical Atlantic, QOudot et al. [1990] re-
port highest AN,0O/AOU ratios in the oxygen minimum
layer, decreasing with depth thereafter. They do not
observe this behavior in measurements made outside
biologically active zones.  Law and Owens [1990] re-
port AN;O/AOU variations from measurements up to
depths of 3000 m in the North Arabian Sea. They cast
the observed variation in terms of two separate AOU
regimes, however, reporting an almost tenfold increase
in AN,O/AOU ratios from low (AOU < 197 pmol L)
to high AOU (AOU > 197 umol L!, located primarily
above 1000 m) regimes. Since these measurements from
other ocean basins are few, in developing an N,O source
parameterization for use on the global scale, we rely on
the Butler et al. [1988] observations as the most ex-
tensive and consistent deepwater database available for
extracting AN,O/AOU variations.

5.1. Development of Depth Varying N,O
Source Formulation: Simulation N20DZ

To parameterize the observed decrease with depth of
the AN2O/AOU ratios of the Butler et al. [1988] data
we fit an exponentially decreasing function to the ob-
servations which has the form,

AN,O = A,e “F2[A0U] (8)

where A, and z* are to be determined. Here z. is the
depth of the euphotic zone (119 m in the current con-
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Figure 11.

Fitted relationship between AN>O and AQOU used to parameterize the N5O

source in simulation N20DZ. The depth dependent exponential function is fitted, by least squares
minimization, to the AN,O/AOU data of Butler et al. [1988]. The functional fit has the form,

AN,O = A e 55

N;0)/(mol AOU) and 3333 m, respectively.

figuration of the OGCM). The least squares fit to the
SAGA II data of Butler et al. [1988] is illustrated in
Figure 11; the values derived for A, and z* from this fit
are 0.1211 x 1072 (mol N50)/(mol AOU) and 3333 m
respectively. Thus the depth varying parameterization
for the N3O source of this simulation takes the form

(9)

z—2ze

[N2O source] = A,e == [O2 consumption]

5.2. Simulation N20DZ: Depth Profiles

Figure 12 presents the equilibrium AN;O/AOU depth
profile from simulation N20DZ and comparison with
that of the Base Case and Butler et al. [1988] obser-
vations for the Pacific Basin. The AN;O/AOU depth
profile of the N20DZ simulation shows a systematic
decrease with depth and matches the structure of the
observed profile far better than does the Base Case.
This altered depth structure for N20DZ results from
the depth variation in the source parameterization; thus
N20DZ produces relatively more of its total N, O source
in the upper ocean and relatively less at depth, in com-
parison to the Base Case. As can be seen from Ta-
ble 2 illustrating the distribution of the modeled N5O
source with depth, deep N2O production (below 600 m)
in N20DZ is two-thirds that of the Base Case (i.e., 17
versus 25%) resulting in the lower deep AN,O/AQU
levels for N20ODZ.

(AOU). Values derived for A, and z* from this fit are 0.1211 x 10=3 (mol

The modeled AN2O/AOU levels do, however, slightly
underestimate the observations by about 0.02 x 1073
below 1000 m. The small offset between observed and
N20DZ profiles below 1000 m are due to preformed
oxygen effects on AOU. Model simulations indicate that
the waters ventilating these deeper regions display some
undersaturation in oxygen on leaving the ocean sur-
face; the associated AOU is therefore an overestimate
of biological oxygen utilization [Suntharalingam , 1997].
Since our N20DZ parameterization linking the N,O
source to oxygen consumption is based directly on the
AN,0/AOU data and not adjusted to account for pre-
formed oxygen, the AN,O/AOU ratios derived from
this model simulation are somewhat lower than the im-
posed biological constraint in the deep ocean. Despite
this small offset, in general, this simulation serves to
illustrate that the structure of the depth profiles of the
Butler et al. [1988] data can be achieved by introducing
a depth dependence into the relationship between N,O
production and oxygen consumption.

5.3. Simulation N20DZ: Surface Fluxes

Figure 13 illustrates the distribution of zonally in-
tegrated fluxes from N20DZ and comparison with the
Base Case and observationally derived fluxes of Sun-
tharalingam [1997]. Table 3 lists the fractions of the
total source produced within the latitude bands 90°-
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Figure 12.

Variation of AN2O/AOU with depth for the N20DZ simulation and comparison

with observations from Butler et al. [1988]. Also shown is the AN;O/AQOU variation with depth
for the Base Case simulation. The systematic decrease with depth in the AN,O/AOQOU ratio for
N20DZ is seen to provide a better match to the observations than does the Base Case simulation.

30°S, 30°S - 30°N, and 30°- 90°N, along with the net
air-sea fluxes from these latitude belts. It should be
noted that the global source derived from N20DZ (3.85
Tg N) differs from that of the Base Case (3.65 Tg N),
since different parameterizations are used to relate NoO
production to oxygen consumption in the water column.
While the parameters chosen for N20DZ are based on
the Butler et al. [1988] data alone, that for the Base
Case (i.e., @) was selected as an average of several stud-
ies relating AN5O and AOU in various locations of the
ocean.

The meridional flux distribution for N20DZ does not
differ significantly from the Base Case, despite arising
from different vertical source distributions in the wa-
ter column. As with the Base Case, the distribution
is trimodal, with highest fluxes produced in the tropics
and southern high latitudes. The relative insensitivity

of the meridional flux distribution to the vertical struc-
ture of the source parameterization can be explained by
considering that even under the Base Case formulation,
the majority of the NoO source is produced in the up-
per ocean (i.e., at depths above 500 m) and largely in
upwelling zones. The resulting N2O 1s therefore more
likely to be upwelled to the surface and vented directly
to the atmosphere without being subject to significant
lateral transport by the deeper circulation. As indi-
cated in Table 3, less than 13% of the total source is
transported meridionally from the tropics to the high
latitudes for the Base Case, and this proportion does
not change significantly for N2ODZ. As was seen from
Table 2, summarizing the variation with depth of the
total NoO source for the two cases, the Base Case itself
produces over 75% of the global source in the upper 600
m. Thus, while shifting an additional 8% of the source

Table 2. Distribution of the Global NoO Source With Depth:
Base Case and N20DZ Simulations.

Simulation Global Source, % Magnitude
0-595 m 595-1347 m  1347-5000 m Tg N yr~!

N20DZ 83 11 6 3.85

Base Case 75 14 11 3.65
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Latitude

Zonally integrated N,O fluxes for the N20DZ and Base Case simulations and

comparison with observation-based estimates of Suntharalingam [1997] (S97).

into the upper water column (for N20DZ) produces a
large decrease in the deep NoO production and distribu-
tion, it has a relatively small effect on the upper ocean
source which is the primary influence on the meridional
flux distribution.

In summary, we note that as demonstrated by Figure
12, we can obtain a much better fit to the deep structure

of the Butler et al. [1988] AN,O/AOU data by employ-
ing a depth varying ratio of N»O production to oxygen
consumption in the N2O source parameterization. The
improved fit is primarily achieved by increasing the rel-
ative proportion of the NoO source in the upper ocean.
We also note, however, that since the majority of the
model’s NoO production occurs in the upper ocean, em-

Table 3. Summary of the Zonally Integrated Oceanic Nitrous Oxide Source and Net Sea Air Flux by Latitude
Belt, and Net Northward Transports at the 30°S and 30°N Boundaries: Base Case and N20DZ Simulations.

Latitude Belt Source Sea-Air Flux Northward Transport at Boundary
Tg N yr—* Tg N yr™* Tg N yr!
30°S 30°N
N20DZ
90°S - 30°S 1.31 (35%) 1.65 (43%) -0.34
30°S - 30°N 1.92 (48.5%) 1.43 (37%)
30°N - 90°N 0.61 (16.5%) 0.77 (20%) 0.16
Base Case
90°S - 30°S 1.28 (35%) 1.64 (45%) -0.36
30°N - 30°N 1.75 (48%) 1.28 (35%)
30°N - 90°N 0.62 (17%) 0.73 (20%) 0.11
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ploying a source parameterization which produces an
improved deep structure has little effect on the magni-
tude and distribution of surface fluxes.

6. Estimating the Magnitude of the
Open Ocean N;O Source

Global estimates of the net oceanic N5O source have
generally been calculated by two alternative methods:
1. Gas-transfer calculations: The net gas flux across the
air-sea interface is estimated using extrapolated mea-
surements of the concentration difference across the
boundary in conjunction with a parameterization of
the gas-transfer process. Earlier estimates were based
on such parameterizations as the stagnant film model
[Bolin, 1960, Broecker and Peng, 1974]. More recent
estimates employ parameterizations of the gas-transfer

Table 4. Global Oceanic N3O Flux Estimates.

coefficient that are based on calibrations using radio-
carbon data and tracers such as sulfur-hexafluoride
[e.g., Wanninkhof, 1992, Liss and Merlivat, 1986].

2. Calculations based on organic matter oxidation:
These methods estimate N2O evolution as a fraction of
the nitrate regenerated during organic matter reminer-
alization in the deep ocean, by assuming global “Red-
field” type ratios relating N2O to nitrate production
[e.g.,Cohen and Gordon, 1979, Nagjar, 1992].

As data has accumulated, leading to an improved rep-
resentation of the surface N3O distribution as well as
yielding new constraints on marine organic matter ox-
idation, the global estimates have diminished consider-
ably, as illustrated by the history of flux estimates listed
in Table 4. In our modeling study, marine N,O pro-
duction is driven by the magnitude and distribution of
organic matter remineralization and the relationships

Study Flux Estimate Comments
Tg N yr™!

This study 3.85 (2.7 - 8.0)

IPCC [1995] 1-5 total identified sources are 10 - 17

Bange et al. [1996] 7.3-11.3 includes estimates of fluxes from estuaries, coastal waters
and marginal seas.

Nevison et al. [1995] 1.2-6.8 on the basis of global extrapolation of predominantly
Weiss et al. [1992] data

Nagjar [1994] 4 on the basis of estimates of N2O evolved during nitrification

Capone [1991] 11.25 on the basis of estimates of N2 O evolution during oceanic
nitrification and denitrification

Butler et al. [1989] 1.4 estimate of El-Nino year flux, based on data from West Pacific
and East Indian Oceans.

Cline et al. [1987] <5.6 estimate of “normal year” (non-El Nino) flux, based on data
from Equatorial Pacific

Cohen and Gordon [1979] 4-10 estimate based on N2O evolved during nitrate regeneration
in deep ocean

Singh et al. [1979] 11 - 17 on the basis of measurements in the Pacific

Weiss [1978] 2.8 as estimated by Butler et al. [1989], based on an average
supersaturation of < 4%.

Flkins et al. [1978] <10 upper limit estimated based on oxidation considerations. Also

reports an estimate of 8 Tg N yr~! between & 20°, based on data
from the Central Pacific and obtained using gas-transfer method.

Hahn and Junge [1977) 45 (16 - 160)

on the basis of limited measurements in the North Atlantic
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linking this to N2O formation; that is, the source es-
timation method falls into the second category listed
above. Net estimates of the sea-air flux are therefore
not affected by the choice of gas-exchange parameteri-
zation; the primary influence of gas-exchange in these
simulations is on upper-ocean N;O concentrations and
the air-sea partial pressure difference [Suntharalingam
and Sarmiento , 1995].

The magnitude of the oceanic N,O source derived
in this study is dependent on the remineralization of
the organic matter flux exported into the aphotic zone
(which determines the magnitude of subsurface oxy-
gen consumption) and the function parameterizing NoO
production as a function of oxygen consumption. As
discussed in section 3.2, the organic matter cycle model
partitions new production in the euphotic zone equally
into particulate and dissolved organic matter pools. All
the particulate organic matter sinks into the aphotic
zone and is remineralized directly below its site of for-
mation. The majority of the dissolved organic matter is
also advected into the aphotic zone and remineralized
there, although a portion is oxidized back into inor-
ganic constituents in the euphotic zone itself. In this
model study, nitrous oxide production is only assumed
to be significant below the euphotic zone, thus the to-
tal source depends only on the “net export production”,
defined as that fraction of new production which is rem-
ineralized below the euphotic zone. The annual global
new production of the model is 13.8 Pg C of which 11.1
Pg C constitutes the net export production remineral-
ized in the aphotic zone. :

Our “best estimate” for modeled global marine NoO
production comes from simulation N20DZ, in which
the N,O source parameterization is based on a least
squares fit to AN2O/AOU ratios from the extensive
Butler et al. [1989] data set. This yields an annual
global ocean source of 3.85 Tg N. As discussed in section
2.2, reported open-ocean AN;O/AOU values span a
range from 0.07 x 1073 t0 0.22 x 10~2 mole NyO/mole
AQU. The estimated global N5O source and distribu-
tion depends directly on the AN,O/AOU values em-
ployed in the N2O source model; to examine the sen-
sitivity of model results to this variation in observa-
tions, simulations were also run incorporating these ex-
treme AN;O/AOU ratios for the parameter o in the
Base Case scenario [Suntharalingam , 1997]. (In esti-
mating uncertainties associated with the global source
calculation, we have neglected the AN,O/AQOU ratios
reported from the extremely oxygen-deficient regions of
the Arabian Sea reported by Law and Owens [1990];
N2O production in such regions is likely governed by
complex cycling processes and hence not characteristic
of the global ocean. The model’s N3O source changes
in simple linear proportion with a to yield a range of
2.7-8.0 Tg N yr~1. This range does not, however, reflect
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uncertainty in ocean model estimates of export produc-
tion, which is more difficult to quantify. Recent OGCM
estimates of export production lie in the range 11-12 Pg
C yr~! [Murnane et al., 1999, Yamanaka and Tajika,
1997]; this is somewhat higher than estimates based
on observations of vertical fluxes of particulate organic
matter (e.g., 3-7 Pg C [Eppley, 1989], 8 Pg C [Martin
et al., 1987]) and lower than estimates based on changes
in atmospheric Oz /N ratios (e.g., 19 Pg C [Keeling and
Shertz, 1992]).

We also note that the magnitude of modeled new pro-
duction and remineralization (and hence the global NoO
source) is dependent on the parameterizations and pro-
cesses that govern vertical transport between the sur-
face and deep ocean. Since net productivity in the
model is determined by a restoring of surface nutrient
levels to the observations, excessive transport of deep
nutrient rich water to the surface (for example), would
result in an overestimate of new production and hence
of the net N3O source. This effect was evident in lo-
calized regions of the Southern Ocean, as discussed in
section 4.1, where zones of high convection led to ele-
vated new production and deep remineralization levels
thus yielding an intense N2O source. Finally, we note
that the above estimate for the oceanic NoO source is
based only on open ocean water column oxidation of
organic matter under oxic conditions. It does not in-
clude possible sources from nitrification and denitrifi-
cation processes in the sediments [Capone, 1991, Jor-
gensen et al., 1984], nor enhanced sources of N,O in
low oxygen regions [Codispoti et al., 1992]. Further-
more, the coarse grid resolution of the OGCM does not
allow us to account for contributions from estuaries and
coastal regions as discussed in the study by Bange et al.
[1996], which concluded that the extremely high super-
saturations measured in such regions could potentially
outweigh their small areal extent and yield significant
contributions to the global flux. The omission of such
factors from our model calculation suggests that our
model estimate is more appropriately viewed as a lower
bound on global oceanic N3O emissions.

Accumulation of data on the marine NoO distribu-
tion and associated cycling processes has resulted in a
downward revision of the estimated oceanic flux mag-
nitude over the past years. The range suggested by
this study (2.7-8 Tg N yr~!) is slightly higher than
the IPCC Houghton et al. [1995] estimate of 1-5 Tg
N, although more in accord with the Nevison et al.
[1995] estimate of 1-7 Tg N (which was based on open
ocean ApN,O measurements). Two other recent stud-
ies, however, suggest considerably higher oceanic fluxes
than the IPCC Houghton et al. [1995] range or the re-
sults of our study, namely, Capone [1991] (11.25 Tg
N) and Bange et al. [1996] (7-11 Tg N). Although the
open ocean component of these latter studies is more
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in accord with our “best estimate” of 3.85 Tg N (i.e.,
5.2 Tg N yr=! [Capone, 1991] and 2.6-4.3 Tg N yr—!
[Bange et al., 1996]), these studies also include signifi-
cant contributions from coastal zones and estuaries.

Capone’s [1991] calculation is based on estimates of
oceanic N,O evolution during processes of nitrification
and denitrification accompanying organic matter rem-
ineralization in the water column and sediments. It
employs global estimates of productivity in conjunction
with “Redfield” type ratios relating N2O production
to nitrate cycling (i.e., assuming that NoO production
constitutes 0.3% of the nitrogen cycled via nitrification
and 5% of that by denitrification) and assigns a signifi-
cant role to denitrification processes in determining the
magnitude of the oceanic NyO source (i.e., suggesting
that almost 70% of a total annual source of 11.25 Tg
N stems from oceanic denitrification). The study by
Bange et al. [1996], based on observations of elevated
surface N3O levels in coastal waters, marginal seas, and
estuaries, suggests that NyO fluxes from these regions
are responsible for about 60% of the oceanic source.
Seitzinger and Kroeze [1998] have recently estimated
global N3O production in freshwater and coastal ma-
rine systems, based on a global database of nitrification
and denitrification rates related to external nitrogen in-
puts. They obtain more conservative estimates of the
annual N3O source from such marginal zones (i.e., 0.2
Tg N from estuaries and 0.6 from continental shelves).
Thus, although the contribution from such regions may
be lower than previously estimated, the range in the re-
cent estimates points to a need for more measurements
on N»O formation and efflux from coastal waters and
sediments in order to better evaluate their significance
to the global oceanic source.

7. Summary

The primary goal of this study has been to evalu-
ate the performance of simple parameterizations of NoO
formationin an ocean GCM, in order to see if the under-
lying assumptions are sufficient to explain the observed
N,O distribution. Comparison of modeled and observed
surface flux distributions indicate that a scalar parame-
terization linking N2O production to oxygen consump-
tion (the Base Case scenario) is successful in reproduc-
ing the large-scale features of the observed distribution;
namely, high surface supersaturations in regions of up-
welling and intense biological productivity, saturation
values close to equilibrium in the oligotrophic subtrop-
ical gyres, and an inverse correlation with the oxygen
distribution in the oceanic interior.

Anomalous features of localized high N3O in the
southern high latitudes can be traced to characteris-
tics of the circulation model, which produces zones of
intense deep convection in these regions. The model

predicts the highest proportion of the net sea-air flux
to originate in the southern high latitudes, in contrast
to the observational estimates of highest fluxes from the
tropical latitudes. A possible cause for this disparity is
model overestimation of NoO production in the south-
ern high latitude belt (due to elevated new production
levels in the intense convective zones). We note, how-
ever, that the Weiss et al. [1992] database, from which
the observational estimates are derived, is sparse in the
southern high latitudes, and also in regions of potential
significance to the oceanic N,O flux (i.e., the eastern
tropical North and South Pacific and the monsoonal
upwelling region of the Arabian Sea). More compre-
hensive measurements are required in such regions be-
fore we can derive an observationally based global flux
distribution against which we can compare the model
results with full confidence.

Comparison of our simulation results with the But-
ler et al. [1988] data indicates that Base Case does not
reproduce very well the deep structure of the observa-
tions. The model fails to produce the pronounced N2O
maximum in the upper ocean and overestimates levels
of N5O in the deep ocean. The most likely cause is the
simplicity of the Base Case source function which pos-
tulates a constant scalar relationship between N»O pro-
duction and oxygen consumption throughout the global
ocean. An alternative parameterization (N20DZ) which
accounts for processes resulting in a depth variation
in the relationship between N,O prodiction and oxy-
gen consumption is more successful in reproducing the
observed characteristics of the deep distribution. Pos-
sible factors responsible for such variations in N5O
yield include different abundances of nitrifying bacteria
through the water column, sensitivity of NoO forma-
tion processes to local oxygen level, and the influence
of temperature on N, O production. However, model re-
sults indicate that since the majority of NoO formation
occurs in the upper ocean, driven by local remineraliza-
tion of organic matter (e.g., even in the Base Case sce-
nario over 75% of the total source is formed above 600
m), this change in the vertical structure of the source
parameterization has little effect on the distribution of
surface NoO fluxes.

Our “best estimate” of the global open-ocean water-
column N5 O source is 3.85 Tg N yr~! (range 2.7-8.0 Tg
N). This range is higher than the most recent IPCC
range, although it does not account for efflux from
coastal waters or N2O evolution from sedimentary pro-
cesses; both these factors have recently been suggested
as potentially significant influences on the oceanic flux.
Finally, we note that although the simple parameteriza-
tions explored here are successful in explaining several
large-scale features of the observed distribution, they
do not account for more complex N2O cycling mecha-
nisms which may occur in suboxic and anoxic zones; the
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potential global significance of such effects are further
explored by Suntharalingam et al. [2000] and Sunthar-
alingam [1997].
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